Papillomaviruses are believed to play an important role in the development of genital carcinoma. Herpes simplex virus (HSV) has been proposed as a cofactor. Here we show that HSV-1 interferes with the expression of human papiUomavirus (HPV-18) genes in HeLa cells by reducing the amount of papillomaviral mRNA. By 7 h after HSV-1 infection, expression was reduced by a factor of 50. Experiments with the HSV-1 mutant tsK, with cycloheximide and with u.v.-irradiated virus indicated that the reduction was not due to newly made immediate early, early or late HSV-1 gene products but rather to a component of the virion. Replication of the HSV-1 is therefore not required for the reduction of the HPV-18 mRNA. The HSV-1 strain 17 +, which has only a very weak virion host shutoff function, still specifically decreased the level of the papillomaviral mRNA suggesting that either the decrease is due to a new HSV-1 function or that the HPV-18 mRNA is especially sensitive to the low residual host shutoff activity of strain 17 +. Experiments with the virus 17(41-), in which the host shutoff function is inactivated by a mutation in the UL41 gene, showed clearly that it is the host shutoff function which is responsible. The papillomaviral mRNA therefore appears to be hypersensitive to the herpesvirus host shutoff function.
Introduction
Certain types of human papillomaviruses (HPV) are causally involved in the aetiology of anogenital carcinoma (zur Hausen, 1989; Reeves et al., 1989) . The DNA of HPV-16, HPV-18 and other related types has been found in over 80 % of cervical tumours (de Villiers, 1989; Howley, 1991) . In cervical cancers and derived cell lines the HPV DNA is usually integrated into the host cell genome and only the viral early (E) genes E6 and E7 are expressed (Schneider-G/idicke & Schwarz, 1986; Smotkin & Wettstein, 1986; Baker et al., 1987) . The E6 and E7 gene products are together sufficient for immortalization of primary human epithelial cells (Mfinger et al., 1989; Hawley-Nelson et al., 1989) . The HPV E7 protein can form a complex with the retinoblastoma gene product (Dyson et al., 1989; Heck et al., 1992) and E6 of HPV-16 and -18 can bind the p53 protein Lechner et at., 1992) and promote its degradation (Scheffner et al., 1990; Crook et al., 1991) . Since both retinoblastoma and p53 are able to control cell growth negatively and suppress transformation, binding and inactivation of these cellular proteins by E6 and E7 may represent one of the mechanisms of HPV-mediated cell transformation (Crook et al., 1991) .
However, papiltomavirus infection and viral gene expression seem to be insufficient for cancer induction (zur Hausen, 1989) . Most women who are HPV-positive show no evidence of cervical abnormalities (de Villiers et al., 1987; Reeves et al., 1987) . Moreover, human cells immortalized by HPV E6 and E7 are not tumorigenic in nude mice, but long-term cultivation in vitro leads to the formation of malignant clones characterized by chromosomal abnormalities (Hurlin et al., 1991) . Additional modifications of cellular or viral genes are probably, therefore, required for transformation of infected cells. Several studies have shown that malignant conversion of papillomavirus-induced lesions requires the action of cofactors such as physical or chemical carcinogens or viruses with carcinogen-like properties (for reviews, see zur Hausen, 1982; Schmitt et al., 1989) .
Herpes simplex virus (HSV) has been considered as one of these cofactors. Fragments of HSV-1 and HSV-2 DNA have been shown to transform rodent cells in vitro (Camacho & Spear, 1978; Galloway & McDougall, 1981) . No HSV genes seem to be retained or expressed in the transformed cells or in human cervical tumours, however, suggesting that HSV DNA is not needed to maintain the transformed phenotype (Galloway & McDougall, 1983) . It has been proposed that HSV may act as a cofactor in the genesis of carcinomas and that HPV sequences are required to maintain the transformed phenotype (zur Hausen, 1982) .
Several studies have shown a close interaction between HSV and HPV. The BglII N DNA fragment of HSV-2 was able to convert immortal genital epithelial cells containing HPV-16 sequences into tumorigenic carcinoma cells, but was ineffective on normal cells (DiPaolo et al., 1990) . Infection with HSV-1 resulted in the amplification of BPV-1 DNA sequences in ID13 cells (Schmitt et al., 1989) . HSV-1 encoded trans-activators were able to activate expression from the promoter located in the long control region (LCR) of HPV-16 and HPV-18 (McCusker & Bacchetti, 1988; Gius & Laimins, 1989) . Epidemiological evidence has accumulated confirming the link between HPV and HSV in the development of cervical cancer (Prakash et al., 1985; Hildesheim et al., 1991) .
In the work reported here we studied the effect of HSV infection on HPV gene expression. Using an RNase protection assay, we observed that HSV strongly modifies HPV-18 gene expression in HeLa cells by reducing the amount of specific mRNAs. The reduction still occurred when cells were infected in the presence of the protein synthesis inhibitor cycloheximide or with u.v.-irradiated HSV, suggesting a role for a component of the virion. Further experiments with mutant viruses showed that the papillomaviral mRNA was hypersensitive to the host shutoff function of the herpesvirus.
Methods
Viruses and cells. HeLa cells were grown in Dulbecco's MEM containing 5 % fetal calf serum. The viruses used were HSV-1 strain KOS, HSV-1 strain 17 + (Brown et al., 1973) , HSV-1 strain tsK (Watson & Clements, 1978) and HSV-1 17(41-) (Fenwick & Everett, 1990b) . The HSV-1 17 +, HSV-1 tsK and HSV-1 17(41 ) strains were kindly provided by Dr R. Everett. HSV-1 17 + was inactivated by u.v.-irradiation essentially as described in Fenwick & Walker (1978) . The intensity of the radiation at 254 nm was measured with a radiometer (IL 1700). A radiation dose of 7.5min (675J/m ~) and 15rain (1300 J/m 2) reduced the infectivity of the virus by a factor of 102 and 104 respectively).
Infection. Cultures of HeLa cells (90 % confluent) were infected with 1.5 ml of growth medium containing approximately 10 p.f.u./cell of the appropriate virus. After 45 min at 37 °C the inoculum was replaced with 10 ml of growth medium and the cells were further incubated at 37 °C. Infection with HSV-1 tsK was performed at 32°C for a permissive infection and at 39 °C for a non-permissive infection. For infection in the presence of cycloheximide, 50 gg/ml of the antibiotic was added to the medium 30 min prior to infection and this level was maintained during the course of infection.
RNase protection assay. Total cytoplasmic RNAs were extracted by the Nonidet P40 method as follows. Infected cells were resuspended in 0.3ml of lysis buffer A (150mM-NaCI, 10mM-Tris HC1 pH7.8, 1.5 mM-MgCle, 0.65 % Nonidet P40) and were incubated for 3 min on ice. Samples were centrifuged for 5 min at 1500 g. The supernatant was transferred to a tube containing 0.3 ml of lysis buffer B (7 M-urea, 350 mr~-NaC1, 10 m~-EDTA, 10 mM-Tris-HC1 pH 7.8, 1% SDS). Samples were finally extracted once with phenol and twice with phenol-chloroform and were precipitated using ethanol. An SP6 RNA probe was synthesized by transcription of a linearized plasmid containing the 593 bp BgII-XbaI fragment of ttPV-18 inserted in the antisense orientation adjacent to the SP6 promoter (Melton et al., 1984) . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) riboprobes were generated from an SP6 plasmid containing the GAPDH gene (Fort et al., 1985) . Hybridization using 5 x 10 ~ c.p.m, of SP6 probe and 10 gg of total cytoplasmic RNA was carried out at 48 °C overnight (Melton et al., 1984) . RNase digestion, sample purification and analysis by electrophoresis in a 7M-urea-6% polyacrylamide gel were performed as described by Thierry et al. (1987) .
Results

Strategy
HeLa cells are derived from a carcinoma of the cervix and have been shown to contain several copies of HPV-18 DNA integrated in the cellular genome (Schwarz et al., 1985) . The HPV-18 DNA is transcribed to form three types of differentially spliced mRNAs (SchneiderGfidicke & Schwarz, 1986) originating from a major start site (promoter p105) located close to the ATG of the E6 open reading frame (ORF) (Thierry et al., 1987 and see Fig. 2 ). SP6 RNA mapping performed with total cytoplasmic RNA extracted from HeLa cells and a probe covering the junction between the LCR and the E60RF ( Fig. 1 ) showed protected fragments of about 216 and 128 nucleotides (nt) which correspond to a full-length (216 nt) and a spliced (128 nt) version (E6*) of E6 RNA initiated at the p105 promoter (Thierry et al., 1987) . The spliced version is more abundant than the full-length transcript, which is present in very small amounts (if any at all) in HeLa cells (Schwarz et al., 1987) .
We used this RNase protection assay to measure the levels of HPV-18-specific mRNAs in HeLa cells after infection by HSV-1. At various times post-infection (p.i.), RNA was extracted and analysed by RNase protection. Relative amounts of mRNAs were estimated by densitometric scanning of the autoradiogram. RNA samples (10/ag) were subjected to RNase protection analysis using either the HPV-18 or the GAPDH-specific antisense RNA probe and were analysed by electrophoresis on a 7 M-urea6% polyacrylamide gel. The two HPV-18-specific protected fragments (E6 full-length, 216nt, and E6* spliced, 128 nt) are indicated. (b)
Infection of HeLa cells by HSV-1 (KOS) resulted in the decrease of HPV-18 mRNA and GAPDH mRNA levels
To study the effect of HSV-1 infection on the expression of HPV-18 genes, HeLa cells were infected by HSV-1 (KOS). A large decrease in the amounts o f HPV-18 m R N A s was observed as early as 1 h p.i. (Fig. 2a, lane  1) . By 7 h p.i. (Fig. 2a, lane 7) , the levels o f the E6 R N A s were reduced by a factor of 50 (Fig. 2b) . To test whether or not the decrease in m R N A levels was specific for HPV-18, we used an SP6 antisense R N A probe to the cellular gene G A P D H (Fort et al., 1985) . The RNase protection assay resulted in three main protected fragments (Fig. 2 a) . They were all reduced to the same extent as the HPV-18 R N A (Fig. 2b) . Therefore HSV-1 (KOS) had an effect on both viral (HPV-18) and cellular ( G A P D H ) m R N A s .
Infection of HeLa cells by HSV-1 strain 17 + resulted in a specific decrease ofHPV-18 mRNA but not of cellular GAPDH mRNA
The genome of HSV encodes a polypeptide found in virions that induces degradation of cellular and viral m R N A s during infection (the virion host shutoff function) (Read & Frenkel, 1983; Krikorian & Read, 1991) . To determine whether or not the decrease in HPV-18 and G A P D H m R N A s was mediated by the host shutoff function, HeLa cells were infected by HSV-1 17 +, a strain o f HSV-1 deficient in the function (Fenwick & Everett, 1990a) . Infection by HSV-1 17 + should only weakly modify the levels of m R N A s and, indeed, infection of H e L a cells resulted in only a slight decrease in the G A P D H m R N A level (Fig. 3 ). In contrast, the level o f HPV-18 m R N A was reduced to the same extent as during infection with the K O S strain ( Fig. 2 and 3) . There are two possible explanations of these results. Either the specific decrease o f H P V R N A was not due to the host shutoff function, but due to another virionassociated, virus-encoded or virus-induced protein, or HPV-18 m R N A s may be particularly sensitive to the low residual level o f host shutoff function in the HSV-1 17 + virions.
The specific decrease in HPV-18 mRNA took place in the absence of early and late viral gene products
The shutoff process has been divided into two operational stages, primary shutoff, which is mediated by a Densitometric scanning of the autoradiogram. Amounts of RNA at time 0 p.i. were arbitrarily defined as 100. The open circles represent the relative amounts of HPV-18 mRNA during infection and the black circles the relative amounts of GAPDH mRNA. virion component (Sydiskis & Roizman, 1966; Strom & Frenkel, 1987; Oroskar & Read, 1987; Kwong & Frenkel, 1987) , and secondary shutoff, which requires expression of E and late (L) viral genes (Nishioka & Silverstein, 1977 Fenwick, 1984; Hill et al., 1985) . It was of interest to determine whether the specific decrease of HPV-18 mRNA was a consequence of the secondary shutoff. HeLa ceils were infected by the HSV-1 17 + temperature-sensitive mutant tsK. At the nonpermissive temperature (39 °C) the tsK mutation in the ICP4 gene blocks the viral replication cycle. E and L genes are not expressed and immediate early (IE) gene products accumulate in the cell (Watson & Clements, 1980) . At the permissive temperature (32 °C), the levels of HPV-18 mRNA and GAPDH mRNA were similar to those observed in HSV-1 17+-infected cells (Fig. 4a) . A large decrease in the amount of HP¥-18 mRNA was still observed when infection with tsK was performed at 39 °C (Fig. 4b) , suggesting that secondary shutoff, which requires expression of E and L genes, was not necessary for the process. In contrast, with GAPDH m R N A an accumulation in tsK-infected cells at 39 °C was observed (Fig. 4b) . At this temperature IE gene products are overexpressed. At least three of these IE proteins are potent regulatory proteins (O'Hare & Haywood, 1985; Ostrove et al., 1987; Sandri-Goldin & Mendoza, 1992) which could stimulate expression of the GAPDH gene.
The decrease in HPV-18 m R N A levels is a function of the H S V virion
These experiments showed that the protein(s) responsible for the specific decrease of HPV-18 mRNAs in HSVinfected cells either is part of the virion or is encoded by the IE genes. To distinguish between these two possibilities HeLa cells were infected with HSV-1 17 + in the presence of cycloheximide (Fig. 5a ). The decrease in HPV-18 mRNA was still observed when de novo protein synthesis was blocked by the antibiotic. Control experiments with [35S]methionine labelling (not shown)
confirmed that the blocking of protein synthesis was effective. Another experiment was performed by infecting cells with u.v.-irradiated virus. HSV-1 17 + was subjected to increased doses of u.v. and was then used to infect HeLa cells. The specific decrease of HPV-18 mRNA was still observed when infectivity was reduced 102-and 10 ~-fold by u.v.-irradiation (Fig. 5b) . Infection by u.v.-irradiated virus or in the presence of cycloheximide suggested that the protein(s) responsible for the specific shutoff of HPV-18 genes is associated with the virion.
The HSV-1 UL41 gene product is the virion component that affects HPV-18 expression
At this point, it was not clear whether the decrease in HPV-18 mRNAs was due to a new function associated with the virion or to a residual activity of the HSV host shutoff function present in strain 17 +. HeLa cells were infected with HSV-1 17(41 ), a mutant form of the HSV-1 17 + strain in which the gene controlling the host shutoff function has been inactivated by insertion of a flgalactosidase expression cassette (Fenwick & Everett, 1990b) . HSV-1 17(41-) was observed to produce a cytopathic effect in the infected cells with the same kinetics as the strain 17 + . In the absence of the host shutoff function, both HPV-18 and GAPDH mRNAs were unaffected by the presence of the virus (Fig. 6) . These results indicate that the amount of HPV-18 mRNAs in HeLa cells is reduced by the HSV-1 host shutoff function and that HPV-18 mRNAs are particularly sensitive to this function during infection by HSV-1 17 +.
Discussion
HPVs are associated with cervical carcinoma, but their presence alone is not sufficient for induction of carcinogenesis (zur Hausen, 1989) . Other events may be required and it has been proposed that HSV may act as a cofactor (zur Hausen, 1982; Galloway & McDougall, 1983) . In the present study we examined the effect of HSV-1 infection on HPV-18 gene expression. We found that HSV-1 infection strongly modifies endogenous HPV-18 gene expression in HeLa cells. A few hours p.i. levels of HPV mRNA were considerably reduced. A virion-associated component is probably responsible for this effect. Infection with u.v.-irradiated HSV-1 17 +, or with HSV-1 17 + in presence of cycloheximide, still resulted in the decrease in HPV-18 mRNAs levels. A well studied virion-associated protein is responsible for the host shutoff function. This protein, encoded by the HSV gene UL41 (Fenwick & Everett, 1990a; Smibert et al., 1992) , is associated with the shutoffprocess in cells infected by HSV-1 or HSV-2. This is characterized by a rapid inhibition of host protein synthesis (Roizman et aI., 1965; Fenwick & Walker, 1978) , disaggregation of host polyribosomes (Fenwick, 1984) and the reduction of host mRNA levels (Pizer & Beard, 1976; Mayman & Nishioka, 1985; Sheck & Bachenheimer, 1985) . The UL41 gene product has been further demonstrated to destabilize both cellular and viral mRNAs (Kwong & Frenkel, 1987) .
During infection by HSV-1 (KOS), we showed that both HPV-18 and GAPDH mRNAs were reduced to the same extent, initially suggesting a role of the HSV host shutoff function. In contrast, during infection by HSV-1 17 + the GAPDH mRNA was only slightly affected by the presence of the virus, whereas levels of HPV-18 mRNA were greatly reduced. Analogous experiments with the cellular mRNAs for fl-actin and lamin C (data not shown) led to similar conclusions. HSV-1 17 + is characterized by a weak shutoff activity (Fenwick & Everett, 1990a) . This would suggest that the specific decrease of HPV-18 mRNA observed during infection of HeLa cells by HSV-1 17 + is either due to a residual host shutoff function or is the result of a new function associated with the virion. Experiments performed with a virus in which the UL4I gene had been inactivated ] clearly showed that it is the host shutoff function which is responsible. This function was found to affect the stability of both host and viral mRNAs (Strom & Frenkel, 1987; Kwong et al., 1988) and seemed to exhibit little, if any, target mRNA selectivity because during HSV-1 (KOS) infection all the viral mRNAs studied had similarly reduced half-lives (Oroskar & Read, 1989 ). Here we show, however, that two mRNAs may respond differently to the shutoff activity. HPV-18 mRNAs were especially sensitive to the weak host shutoff function present in strain 17 + whereas GAPDH mRNAs (and other cellular mRNAs) were not. A high sensitivity to the shutoff function has also been observed for the IE mRNAs of HSV-2 strain G, but in that case the shutoff function was strong (Fenwick & Owen, 1988) .
The product of gene UL4I controls mRNA stability (Oroskar & Read, 1989 ) and several models have been considered to explain its mode of action (Strom & Frenkel, 1987; Fenwick & Everett, 1990a) . One of these models proposes that the HSV-induced mRNA degradation process involves recognition of one or more signals within the mRNAs (see Strom & Frenkel, 1987) . A major determinant of the rapid turnover of mRNA in cells is the presence of repetitive AU-rich motifs in the 3' untranslated region of messengers (Jackson & Standart, 1990 ) which mediates specific mRNA degradation (Shaw & Kamen, 1986) . The selectivity in the recognition of different AU-rich instability elements appears to be determined by the interaction between regulatory proteins [nucleases, poly(A)-binding protein, or other factors] and internal mRNA structure (for review, see We thank B. Hirt for helpful comments and B. Bentele for excellent technical assistance. We are most grateful to H. zur Hausen for kindly donating cloned HPV-18 DNA, to R. Everett for providing the HSV-1 strains 17 +, tsK and 17(41-), and to P. Amstadt for the gift of the GAPDH SP6 construct. This work was supported by grants from the Ligue Suisse Contre le Cancer, from the Fabriques de Tabac R6unies, from the Fonds National Suisse de la Recherche Scientifique, and from the University of Lausanne.
